1. Introduction {#sec1}
===============

Rapidly increasing applications of engineered nanoparticles (NPs) have greatly enhanced the exposure of such materials to all living matters. A better understanding of the behaviors of NPs in biological systems thus becomes imperative for their safe and sustainable implementation.^[@ref1],[@ref2]^ It has been established that the protein corona, a layer of proteins adsorbed by the NPs upon their entry into plasma or other protein-containing biological fluids, produces the biological identity of NPs as seen by the cells, affecting the behaviors of NPs in the biological system.^[@ref3]−[@ref7]^ Not only adsorption of some particular proteins could impact the cellular uptake and biodistribution of NPs;^[@ref4],[@ref5],[@ref7]−[@ref12]^ but also the protein corona as a whole could unfavorably block the intended interactions of biofunctionalized NPs with the cell surface receptors.^[@ref13],[@ref14]^ Thus, one main focus in corona study has been to determine the corona's composition and find out how the corona composition would be altered by the physicochemical properties of NPs, such as size, shape, and surface chemistry.^[@ref3],[@ref12],[@ref15],[@ref16]^

With more knowledge about the corona's composition being obtained, the importance of its dynamic nature, the exchange between the bound proteins and free proteins in the environment, has been gradually recognized.^[@ref17]−[@ref22]^ Those bound with slower exchange kinetics have longer residence time on the NPs, forming the hard corona, and should be more resistant to environmental changes.^[@ref23],[@ref24]^ On the other hand, proteins adsorbed to the NPs with faster exchange kinetics establish the less stable, soft corona, and are replaced more quickly by the free proteins in the new environment.^[@ref18],[@ref23]−[@ref26]^ The time- and protein concentration-dependent evolution of the corona was characterized in terms of changes in hydrodynamic size and surface zeta-potential for NPs with various core diameter and surface hydrophobicity.^[@ref17],[@ref19],[@ref27]^ Changes in corona composition when the NPs moved from plasma to cell cytofluids was also evaluated.^[@ref21]^ Alternatively, the relationship of both the protein binding affinity/kinetics^[@ref26],[@ref28]−[@ref30]^ with particle properties was investigated by using individual protein and NP pairs with techniques like surface plasmon resonance, fluorescence spectroscopy, separation, etc.

However, it remains difficult to obtain a comprehensive image of the dynamic nature of the corona. The biological medium in which the corona is formed could contain over thousands of proteins with large difference in protein concentrations. Protein concentration strongly affects the abundance and exchange rates of the adsorbed proteins in the corona.^[@ref23],[@ref31]^ Additionally, the exact contribution of corona protein exchanging kinetics to the biological behaviors of NPs, such as cell uptake and particle distribution, is not clearly known, neither the dependence of the dynamic nature of the corona on the properties of NPs or proteins.

Recently, our group established a method for rapid screening of proteins with distinct exchange kinetics in the corona using ultracentrifugation and flow field-flow fractionation (F4).^[@ref32]^ Centrifugation isolates the entire protein corona for protein identification, with the unbound proteins removed by aliquots of wash solutions. Alternatively, F4 provides a nonequilibrium separation condition^[@ref33]−[@ref35]^ to cause continuous dissociation of the protein-NP complexes inside the F4 column, and the dissociated proteins are constantly washed away from the complexes by the protein-free mobile phase. Proteins with much slower exchange rates can still be coeluted with the NPs in F4 and identified in the after-column NP collection with significant abundance; while those with much faster exchange kinetics are lost in the column and not detectible in the collection. Thus, by comparing the proteins isolated by centrifugation and F4, we can clearly discern the proteins with very distinct exchange kinetics, and get the snapshots of both the hard and soft corona via only one round of incubation in the complex biological medium.

Herein, with this method to enable simultaneous survey of both the corona composition and its dynamic nature, we studied the protein corona formed on NPs differing in surface coating and particle diameter after incubation with human serum. Changes in the proportion of the hard and soft corona according to the properties of NPs and proteins were investigated to reveal the determinants of corona's dynamic nature. The influence of protein exchanging behavior on cellular uptake was also tested to shed a light on the biological significance of the hard and soft protein coronas.

2. Experimental Methods {#sec2}
=======================

2.1. Reagents {#sec2.1}
-------------

All chemicals used in buffers (sodium phosphate monobasic, sodium phosphate dibasic, FL-70, sodium hydroxide, and ammonium bicarbonate), as well as dithiothreitol, Optima grade water and acetonitrile, were purchased from Fisher Scientific. All proteins used in the study, iodoacetamide and trifluoroacetic acid were purchased from Sigma-Aldrich. Human serum was purchased from Biogenesis (Poole, England). Cell culture media components were purchased from ATCC. Polyacrylic acid and azaleic acid-coated superparamagnetic iron oxide nanoparticles (SPIONS) were prepared in our lab following the protocol developed by the Yin group,^[@ref36]^ and the SPIONs coated with an amphiphilic block copolymer or protein G were purchased from Ocean Nanotech (Springdale, AR).

2.2. Flow Field-Flow Fractionation {#sec2.2}
----------------------------------

For all F4 collections, the conditions were as follows. A F1000 symmetrical F4 instrument (Postnova, Salt Lake City, UT) is coupled to a Shimadzu SP-20A absorbance detector (Columbia, MD). The membrane used was a 10 kDa MWCO regenerated cellulose membrane. The running buffer used in the F4 collections was a 10 mM phosphate buffer (pH 7.5, prepared from monobasic sodium phosphate monohydrate and anhydrous dibasic sodium phosphate solids) with 0.025% FL-70 added. The system was run with channel and cross flows of 0.75 mL/min, with absorbance detection at 280 nm. A graphical description of the F4 operating principles can be found in [Supporting Information](#notes-1){ref-type="notes"} Figure S1.

2.3. Nanoparticle--Protein Incubation and Isolation {#sec2.3}
---------------------------------------------------

Human serum was first albumin- and IgG-depleted via a depletion kit (Thermo Fisher), and buffer exchanged into 10 mM phosphate with a 7 kDa MWCO Zeba Spin Column (Thermo Fisher). The final concentration was quantified to be 4 mg/mL. Either depleted serum or a 2.5-fold diluted serum (protein concentration was around 6.8 mg/mL) was mixed with an equal volume of the nanoparticle suspension, the particle final concentration being ∼1 μM, and the mixture was incubated for 2 h at 37 °C. For centrifugation-based isolation, samples were diluted to 400 μL in 10 mM phosphate (pH 7.5), and then centrifuged at 16.1 krcf for 0.5 h. After centrifugation, the supernatant was removed. This process was repeated once. For the F4 collections, 4 mL (∼8 min) were collected directly from the detector eluate. Collection windows were determined based on the elution of a nanoparticle control sample. These collections were then concentrated to ∼75 μL using a 4 mL, 10 kDa MWCO Amicon filter (Millipore). Particle-free depleted serum and serum isolations were conducted as a control to identify and eliminate any proteins that naturally precipitated or eluted alongside the SPIONs. All samples were collected in at least triplicate for the purposes of mass spectrometric analysis.

The collected samples underwent standard reduction/alkylation and trypsinization at 37 °C overnight. After digestion, the samples were treated with a 50% acetonitrile solution to denature any adsorbed peptides, and then filtered using a 100 kDa Amicon filter. The peptide-containing filtrate was concentrated to dryness, and reconstituted in 0.1% TFA. These samples then underwent ZipTip desalting and concentration prior to analysis by either 2D MUDPIT LC-nano-MS/MS analysis ([Supporting Information](#notes-1){ref-type="notes"} Methods) or 1D nano-LC-ESI-MS, using a Waters 2695 separations module interfaced with a Thermo-Finnegan LTQ mass spectrometer. For the depleted serum and serum controls, no proteins were identified with a sufficient confidence score in either the F4 or the centrifugation collections.

2.4. Cellular Uptake of the Nanoparticle--Transferrin Complexes {#sec2.4}
---------------------------------------------------------------

RAW-Blue mouse macrophage cells were grown in Dulbecco's Modified Eagle Medium supplemented with 10% FBS and 1% penicillin/streptomycin at 95% RH and 3.5% CO~2~. Cells were detached from the growth flasks and transferred to 96-well plates at a concentration of 10 000 cells/well. The cells were allowed to grow and adhere for 24 h. The cell culture media was then removed and replaced with a serum-free DMEM. To this, 10 or 25 nm SPIONs with an amphiphilic coating (either neat or incubated with transferrin) were added (giving a final SPION concentration of 150 μg/mL, and a transferrin concentration of 1.875 μM), and the particles incubated for 12h. Cell viability was assayed using the CellTiter 96 Aqueous One Solution cell proliferation assay kit (Promega).

To assess cellular uptake, cells were grown on plate to ∼90% confluence. Afterward, nanoparticle solutions were added similarly to the cell viability test, and allowed to incubate for 2 h. After incubation, the cells were rinsed with serum-free DMEM once. The DMEM was removed, and 100 μL of nitric acid added to each well. The samples were allowed to digest for 18 h. Then, the samples were transferred to 15 mL centrifuge tubes and diluted to 5 mL with 5% nitric acid. After dilution, the iron content in each sample was quantified by inductively coupled plasma-atomic emission spectroscopy (ICP-AES).

3. Results and Discussion {#sec3}
=========================

3.1. Selection of NPs and the Biological Medium {#sec3.1}
-----------------------------------------------

Our study was carried out on superparamagnetic iron oxide NPs (SPIONs), a family of NPs that have showed great potential in biomedical applications.^[@ref37],[@ref38]^ Spherical SPIONs with average core diameters between 10 and 25 nm were studied (TEM images shown in [Supporting Information](#notes-1){ref-type="notes"} Figures S2 and S8). These NPs have comparable dimensions as proteins and are able to escape from opsonization and the reticuloendothelial system.^[@ref19]^ These features allow for longer circulation in the body, as well as interactions with biosystems in manners mimicking biomolecules. Thus, understanding the factors that govern corona formation on these SPIONs could help to design more effective biofunctional materials for application in biomedical science.

Three surface ligands were compared: poly(acrylic acid) (PAA), amphiphilic block copolymer (AMP), and azaleic acid (AZA), arranged in order of increasing zeta potential and decreasing hydrophobicity (Table [1](#tbl1){ref-type="other"}). LogP (the logarithm of the partition coefficient between *n*-octanol and water) is an indicator of hydrophobicity, calculated using ALOGPS 2.1 (<http://www.vcclab.org>).^[@ref39],[@ref40]^ The 10 nm SPIONs originally coated with AMP but conjugated to Protein G (PrG) were used to explore bioconjugation's effect on corona formation. To analyze the effect of SPION size on the resulting corona, 25 nm SPIONs coated with AMP were compared to the similarly coated 10 nm SPIONs. In the text below, they were referred as 10-PAA, 10-AZA, 10-AMP, 25-AMP, and 10-PrG, using the core size and the acronym of its surface coating.

###### Physical Parameters of the SPIONs Investigated in the Study[a](#tbl1-fn1){ref-type="table-fn"}

  NPs      core diameter (nm)                         LogP of surface coating   zeta potential (mV)[c](#t1fn2){ref-type="table-fn"}   hydrodynamic diameter (av) (nm)[d](#t1fn3){ref-type="table-fn"}   after DS incubation (nm) (% increase in diameter after incubation)[d](#t1fn3){ref-type="table-fn"}
  -------- ------------------------------------------ ------------------------- ----------------------------------------------------- ----------------------------------------------------------------- ----------------------------------------------------------------------------------------------------
  10-PAA   8.6 ± 2.1                                  0.67                      --45.02 ± 0.74                                        19                                                                23 (21%)
  10-AMP   10 ± 2.5[b](#t1fn1){ref-type="table-fn"}   1.35                      --40.43 ± 0.29                                        15                                                                17 (13%)
  10-AZA   12.0 ± 1.4                                 1.65                      --36.13 ± 0.50                                        14                                                                34 (143%)
  10-PrG   10 ± 2.5[b](#t1fn1){ref-type="table-fn"}   N/A                       --31.62 ± 0.85                                        17                                                                25 (47%)
  25-AMP   25 ± 2.5[b](#t1fn1){ref-type="table-fn"}   1.35                      --40.88 ± 0.21                                        29                                                                35 (20%)

TEM images of the NPs can be found in [Supporting Information](#notes-1){ref-type="notes"} Figure S1.

Deviations for the core diameters of 10-AMP, 10-PrG, and 25-AMP are maximum tolerances as listed by the supplier.

The zeta potentials were from the electrophoretic mobility measured by capillary electrophoresis ([Supporting Information](#notes-1){ref-type="notes"}).

The hydrodynamic diameters of the pristine and serum-incubated SPIONs were calculated from the averaged elution time in F4 ([Supporting Information](#notes-1){ref-type="notes"}).

In this study, serum depleted of albumin (HSA) and immunoglobulin G (IgG) was used as the biological medium. Depletion of HSA and IgG was to lessen the deviation in dissociation rates caused by their much larger concentrations than other serum proteins; and also to help identify the stronger binders present at lower abundance in serum.^[@ref20]−[@ref22],[@ref41],[@ref42]^

3.2. Corona Formation and Particle Surface Hydrophobicity {#sec3.2}
---------------------------------------------------------

Upon incubation with depleted serum, half of the NPs were centrifuged down for coprecipitation of all bound proteins. The other half was injected on the F4 to remove proteins binding with fast exchange kinetics, that is, the soft corona (Figure [1](#fig1){ref-type="fig"}a); leaving only proteins bound with slow exchange kinetics, i.e. the hard corona, to be coisolated with the SPIONs by F4. Proteins collected with the SPIONs were digested and analyzed by 2-dimensional (2D) nano-LC-MS/MS for identification.

![(a) Schematic of the method for determination of the hard and soft protein corona surrounding each particle. (b) F4 fractograms of 10-PAA (red) and 10-PAA incubated with depleted serum (black). The F4 running conditions were stated in Methods. (c) Pie chart indicating the percentage of proteins identified as part of either the hard (dark gray) or soft (light gray) corona surrounding each particle. "S" represents "slow exchange", and "F" is for "fast exchange". The number in the bracket after each NP name was the total number of proteins identified in each particle's corona.](am-2014-03909q_0001){#fig1}

The hydrodynamic diameters of the SPIONs before and after serum incubation obtained from the particle retention times in F4 are shown in Table [1](#tbl1){ref-type="other"}. All particle peaks in F4 shifted to later retention times upon serum incubation (Figure [1](#fig1){ref-type="fig"}b for 10-PAA as an example, [Supporting Information](#notes-1){ref-type="notes"} Figure S3 for other particles), indicating an increase in the overall diameter of the SPIONs. The corresponding size increases ranged from 13% (10-AMP) to 143% (10-AZA).

A selection of proteins coprecipitated with the SPIONs is shown in Table [2](#tbl2){ref-type="other"}. These proteins were normally shared by the coronas formed on several types of the SPIONS studied; and their binding to the SPIONs were particularly discussed in the following text. All identified proteins are listed in [Supporting Information](#notes-1){ref-type="notes"} Table S1. While the total number of proteins in the corona on different SPIONs varied, the 10-PAA had the least number of identified proteins. Previous studies on copolymer NPs also observed less protein binding to less hydrophobic particles.^[@ref43]^ Albumin was still present in the corona of all particles, although the majority of it should have been removed before incubation with the SPIONs. Several apolipoproteins, previously reported to bind to NPs of different materials and sizes,^[@ref3],[@ref43]^ also bound to our SPIONs with the exception of 10-PAA. In particular, the 10-AZA, the SPION with the most hydrophobic surface ligand, adsorbed the highest number of apolipoproteins compared to other SPIONs.^[@ref21],[@ref23],[@ref43]^

###### Selected Proteins Found in the Coronas of Each Nanoparticle and Indication of Their Relative Exchange Rates[a](#tbl2-fn1){ref-type="table-fn"}

![](am-2014-03909q_0005){#GRAPHIC-d2877e556-autogenerated}

F = fast exchange (soft corona; light gray). S = slow exchange (hard corona; dark gray). A full protein list can be found in [Supporting Information](#notes-1){ref-type="notes"} Table S1.

We grouped the bound proteins into either slow (S, dark gray blocks in Table [2](#tbl2){ref-type="other"}; collected by both centrifugation- and F4-based isolation) or fast (F, light gray blocks in Table [2](#tbl2){ref-type="other"}; only found by centrifugation-based isolation) exchange kinetics via comparison of proteins collected by centrifugation and F4. Reliability of the bulk media kinetics assignment was confirmed by analyzing the binding behaviors of selected protein--particle pairs with the standard methods: SDS-PAGE and capillary electrophoresis ([Supporting Information](#notes-1){ref-type="notes"} Figures S4 and S5). Distribution of the dark and light gray colors in Table [2](#tbl2){ref-type="other"} hints that the more hydrophobic surface ligand probably recruited more rapidly exchanging proteins to the corona. To confirm this, the percentages of the slow or fast exchanging proteins in the corona were compared across all particles. The results were plotted in the form of pie charts in Figure [1](#fig1){ref-type="fig"}c. It is clearly seen that, as surface ligand hydrophobicity increased a more dynamic corona would be formed, recruiting a larger portion of the rapidly exchanging proteins. The pie charts also showed similar proportions of the proteins with fast and slow exchange rates on the 10-PrG compared to that on the 10-AMP, meaning that both particles had coronas with comparable dynamic nature.

3.3. Dynamic Nature of Corona and Protein Hydrophobicity {#sec3.3}
--------------------------------------------------------

Grand average of hydropathy (GRAVY) scores of the proteins were calculated using ProtParam, a tool available in the SIB ExPASy Bioinformatics Resources Portal.^[@ref44]^ A less negative GRAVY score represents a more hydrophobic nature of the protein. The GRAVY score obtained from the full sequences of the corona did not show any trend among different types of the SPIONs, nor did other comparisons such as pI ([Supporting Information](#notes-1){ref-type="notes"} Figure S6). Alternatively, we compared the averaged surface GRAVY scores of the corona proteins on each type of the SPIONs. GETAREA, a software algorithm for calculation of solvent accessible surface areas, was used to identify the amino acid residues of each protein that had greater than 50% surface accessibility; and these residues were then used to calculate the surface GRAVY score.^[@ref45]^

Among the 10 nm SPIONs, the corona's surface GRAVY score became less negative as the hydrophobicity of the surface ligand increased (Figure [2](#fig2){ref-type="fig"}a). This means that the hydrophobic particle surface attracts not only the lipophilic apolipoproteins but also favors proteins with high surface hydrophobicity. Similar to Figure [1](#fig1){ref-type="fig"}c, the surface GRAVY score of the 10-PrG corona again is comparable to that of the 10-AMP. PrG is quite hydrophilic with a GRAVY score of −0.514, and carries negative charge under physiological pH with a pI of 4.6. However, its corona contains proteins specific to PrG and the corona property cannot be simply judged by surface hydrophobicity and charge. The specific recruitment of proteins with higher surface hydrophobicity to the hydrophobic particle surface tells us that, the main driving force for protein adsorption on the SPIONs is hydrophobic interaction. The hydrophobic portion of the particle surface ligand clustered with the hydrophobic patches on the protein surface to reduce interaction with water molecules. Such clustering assembled the protein--NP complex and the assembly could be stabilized by increase in entropy.^[@ref46]^ Indeed, disruption in protein conformation was observed in those bound to the SPIONs with slow exchange kinetics, that is, high stability, but not in those with fast exchange kinetics, as seen in circular dichroism (CD) experiments.^[@ref32],[@ref47],[@ref48]^

![(a) Comparison of average surface GRAVY scores comprising each SPION-protein corona. Surface GRAVY scores were obtained by manually averaging the GRAVY scores of surface-accessible residues for each protein. A more positive GRAVY score indicates a more hydrophobic average protein surface. (b) Comparison of the average surface GRAVY for the proteins with slow exchange rates (hard corona, dark gray) and fast exchange rates (soft corona, light gray).](am-2014-03909q_0002){#fig2}

Moreover, in the corona of all SPIONs studied, the surface GRAVY scores of proteins belonging to the slow exchange kinetics category were more negative than those with fast exchange kinetics, with the 10-PAA as the only exception (Figure [2](#fig2){ref-type="fig"}b). The higher adsorption stability of the more hydrophilic proteins on particle surface could be because they established stronger H-bonding and dipole--dipole interactions with the surface than the more hydrophobic proteins, which limited the fluctuation of the protein--NP assembly.^[@ref49]^ The proteins with fast and slow exchange kinetics in the corona of the 10-PAA had similar surface GRAVY scores. The interaction with the 10-PAA was believed to be stabilized by the size of proteins, achieving stronger dispersion force: the average Mw of the slow exchanging proteins on the 10-PAA was significantly (two-sample *t* test at the 0.05 level) higher than that of the fast exchanging proteins ([Supporting Information](#notes-1){ref-type="notes"} Figure S7).

3.4. Impacts from Particle Diameter on Corona Formation {#sec3.4}
-------------------------------------------------------

The types of proteins and their binding kinetics on the 10-AMP were significantly different than that on the 25-AMP. For instance, apolipoprotein AI (Apo A-I), the major component of the high density lipoprotein (HDL) particle, was bound to 10-AMP but not to the 25-AMP. In fact, Apo A-I bound to all 10 nm SPIONs except for 10-PAA. ApoA-I is the major component in the spherical HDL species with diameters ranging from 7 to 12 nm and could form ring-shaped dimers to wrap around the lipid bilayer core.^[@ref50],[@ref51]^ Hence, it is feasible for this protein to selectively bind to a nanomaterial of similar dimensions to HDL.

In the corona of the 25-AMP, 81% of the total proteins had fast exchange kinetics, which is much higher than the 50% seen in 10-AMP (Figure [1](#fig1){ref-type="fig"}c). The more dynamic corona on the larger SPIONs was also confirmed using a 15 nm SPION coated with the same amphiphilic polymer as the 10- and 25-AMP (15-AMP), carried a similar zeta-potential of −41.15 ± 0.21 mV to those two, and had the intermediate core (15 nm, [Supporting Information](#notes-1){ref-type="notes"} Figure S8 for TEM image) and hydrodynamic (19 nm) sizes. The F4 fractograms of 15-AMP and 15-AMP incubated with depleted serum can be found in [Supporting Information](#notes-1){ref-type="notes"} Figure S8b. Its intermediate size then led to an intermediate percentage (72%) of the proteins with fast exchange kinetics in their corona ([Supporting Information](#notes-1){ref-type="notes"} Figure S8 and Table S1 for the identified proteins). Such an impact on the dynamic nature of the protein corona from particle size could arise from the flatter surface curvature of the larger particles that makes it harder for proteins to adapt. Lower disturbance to the protein structure was induced. As a result, the proteins would dissociate more quickly from a flatter surface, compared to from a surface with sharper curvature as on the smaller particles.^[@ref52],[@ref53]^

The larger 25-AMP also bound to proteins with a less negative average surface GRAVY score, that is, proteins with higher hydrophobicity, compared to the 10-AMP (Figure [2](#fig2){ref-type="fig"}a). Similar to the smaller SPIONs, proteins with slow exchange kinetics in the corona of the 25-AMP were more hydrophilic than those with fast exchange kinetics (Figure [2](#fig2){ref-type="fig"}b). This could be attributed to the more difficult adaptation to the NP surface which then required the proteins to have higher surface hydrophobicity in order to be adsorbed. Our study used NPs at the same particle molar concentration at the incubation. The 25-AMP had a larger total surface area than the smaller 10-AMP to provide larger interface for dewetting of the hydrophobic protein surface, facilitating the binding of the more hydrophobic proteins.^[@ref46]^ Still, larger protein Mw could further stabilize the interaction, as in the case of the 10-PAA: proteins with slow exchange kinetics when binding to the 25-AMP had a relatively larger average Mw than those with fast exchange kinetics ([Supporting Information](#notes-1){ref-type="notes"} Figure S7).

In addition to incubation with the depleted serum, the 25-AMP was also incubated with 5-fold diluted whole serum to see how protein complexity and concentration would affect the dynamic feature of the corona. The protein content in this 5-fold dilution was around 3.4 mg/mL, higher than the 2 mg/mL of the depleted serum in the incubation ([Supporting Information](#notes-1){ref-type="notes"} Figure S9a). [Supporting Information](#notes-1){ref-type="notes"} Figure S9b displayed the fractograms collected after serum incubation. The calculated diameter for the 25-AMP in the serum with higher protein contents increased to 50 nm (79% size increase), significantly larger than the size increase in the depleted serum. In addition, there were some new fast exchange-interacting proteins ([Supporting Information](#notes-1){ref-type="notes"} Table S1). A handful of proteins (albumin, A1AT, and IgA/G/M) were also found to shift from fast exchange to slow exchange because of the large increase in these proteins' concentrations. Still, the percentage of fast exchange interactions remained high (64%), indicating that, even in serum, there is still a correlation found between the SPIONs size and the dynamics of the SPION-protein corona.

Overall, our results support the hypothesis that the composition and dynamic nature of the SPION-protein corona has a large dependence not only on the surface coating of the nanoparticle, but its size as well.

3.5. Change of the Dynamic Nature of Corona with Bioconjugation {#sec3.5}
---------------------------------------------------------------

The 10-PrG was produced by linking protein G to the AMP coating on the 10-AMP. By attributing the proteins with slow exchange kinetics to the hard corona, and those with fast exchange kinetics to the soft corona, we compared the percentages of proteins remained in the hard or soft corona upon conjugation of protein G (Figure [3](#fig3){ref-type="fig"}). More than 65% of the proteins in the hard corona of the 10-PrG were the same ones found in the hard corona of the 10-AMP. But more than 70% of the proteins in the soft corona of the 10-PrG were new proteins not found in either the hard or soft corona of the 10-AMP. IgA and IgG were counted as the new proteins added to the hard corona because of specific interaction with PrG. Fetuin A, another major carrier protein in serum, changed from a stably bound protein on the 10-AMP to a rapidly exchanging protein on the 10-PrG.

![Comparison of similar and unique proteins in the protein coronas for 10-AMP and 10-PrG. L--R: Proteins in each corona shared between the two particles, proteins in each corona unique to 10-PrG, and proteins in each corona that were previously known to bind to protein G.](am-2014-03909q_0003){#fig3}

Our results illustrated an interesting phenomenon: rather than the composition of the hard corona be dependent solely on the biomolecule conjugated to the nanoparticle, the hard corona is instead a mixture of proteins specific to both the bioconjugate and the surface coating. This has implications for affinity purification-mass spectrometry; the initial surface coating should be carefully considered to understand and control the degree of nonspecific interactions seen.

3.6. Effects of the Protein Binding Nature on Cellular Uptake {#sec3.6}
-------------------------------------------------------------

It is believed that proteins in the hard corona would mediate cell--particle interaction but no direct evidence has been provided in previous corona studies. Hence, we tested the uptake of the 10- and 25-AMP carrying transferrin by the RAW-Blue mouse macrophages. As reported in Table [2](#tbl2){ref-type="other"}, the 10-AMP binds to transferrin stably, while transferrin bound to the 25-AMP with fast exchange rates. The macrophages were incubated with 10- and 25-AMP, with or without preincubation with transferrin for overnight in serum-free media. A cell viability test proved that the concentration of NPs used imposed very low toxicity to the cells (Figure [4](#fig4){ref-type="fig"}a). Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) was employed to test the iron content in the cells after incubation with the AMP-coated particles and the transferrin-bound ones (Figure [4](#fig4){ref-type="fig"}b). Both 10-AMP and 25-AMP had similar cellular uptake in the absence of transferrin. The presence of transferrin, however, almost doubled the uptake of 10-AMP into the cells (29--43%), but not affecting the uptake of 25-AMP (33--29%). As anticipated, proteins with fast exchange rates had less influence on the interaction of NPs with cells than the stably bound proteins. Although this is a preliminary study comprising a single protein, our result points out the necessity of forming a stable conjugate with proteins, if the cell receptor-protein interaction is required for carrying out the biological functions of the NPs.

![(a) Cell viability of RAW-Blue mouse macrophage cells when incubated with SPION for 16 h. (b) Cellular uptake of SPIONS after 4 h incubation. Iron content was determined by ICP-AES. Control: DMEM with 10% FBS. Serum-free: DMEM only, no FBS. 10,25-AMP: SPION incubated in serum-free DMEM. 10,25-AMP-T: SPION preincubated with transferrin prior to incubation with cells in serum-free DMEM. 10-AMP-T is a slow-dissociation complex, while 25-AMP-T is a fast-dissociation complex.](am-2014-03909q_0004){#fig4}

4. Conclusions {#sec4}
==============

In our study, various carrier proteins like albumin, components of the complement system, and apolipoproteins were found to bind to the negatively charged SPIONs. A corona containing such proteins on the SPIONs may increase their circulation time, make them potential activators to the complement pathways, or enable mimicking of the behaviors of the high- or low-density lipoprotein particles. However, these proteins interacted with the SPIONs at different association/dissociation rates, which may impact their contribution to the biological behaviors of the SPIONs.

Our brief cell uptake experiment hints that, the proteins stably adsorbed would affect cellular uptake more significantly than those bound more dynamically. This may be the reason why some protein corona could diminish the targeting capability of the biofunctionalized NPs, as reported by Salvati et al.^[@ref14]^ On the contrary, the quickly exchanging proteins could reach binding equilibrium more rapidly than the ones with slow exchange kinetics, and rapidly mask the surface of the nanomaterials upon entry to the biological medium. They may contribute more to elongating the circulation time of NPs, reducing the toxicity originated from particle dissolution and high surface activity, and bypassing transportation barriers. Our analysis of the corona on the 10-PrG revealed that, the majority of the hard corona formed on the base NPs remained in the corona of the bioconjugated particles. Thus, careful consideration of the corona property of the base particle is necessary in preparation of the functional NPs.

For the carboxylated SPIONs used in our study, a ligand having higher hydrophobicity or a larger particle diameter would be referred, because both would lead to a more dynamic corona.

On the other hand, to stabilize the hydrophobic interaction between our SPIONs and the serum proteins, strong H-bonding and dipole--dipole interaction at the interface should be established, which would rely on the amino acid side chains and surface ligand structure at the interface.^[@ref54],[@ref55]^ In addition, feasible adaptation of the protein onto the NP surface is important, like in the case of Apo A-I preferentially binding to the 10 nm SPIONs but not the 25 nm particles. Better fitting to the surface curvature could increase the area of binding interface, causing the release of more water molecules and the deformation of protein structure. Both effects could enhance the system entropy to gain more reduction in the system free energy upon binding.

Methods used for protein identification, F4 fractograms, a table of corona proteins for each particle, confirmation of SPION-protein kinetics, analysis of physical parameters for each protein corona, serum incubations of nanomaterials. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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